Abstract. Prior studies of wall bounded turbulence control have utilized Direct Numerical Simulation (DNS) which has limited investigations to low Reynolds numbers where viscous effects may play an important role. The current paper utilizes Large Eddy Simulation (LES) with the dynamic subgrid-scale model to explore the influence of viscosity on one popular turbulence control strategy, opposition control, that has been extensively studied using low Reynolds number DNS. Exploiting the efficiency of LES, opposition control is applied to fully developed turbulent flow in a planar channel for turbulent Reynolds numbers in the range Re τ = 100 to 720. As Reynolds number increases, the predicted drag reduction drops from 30% at Re τ = 100 to 19% at Re τ = 720. Furthermore, the ratio of power saved to power input drops by more than a factor of four when Reynolds number increases over this range, indicating that the drag reduction mechanism in opposition control is indeed less effective at higher Reynolds numbers. However, for sufficiently high Reynolds numbers, Re τ > 400, the ratio of power saved to power input becomes constant at a value near 40 indicating that opposition control is a viable turbulence control strategy at high Reynolds numbers.
Introduction
Most previous computational studies of turbulence control are based on Direct Numerical Simulation (DNS), and for good reason -they did not want to worry about the fidelity of their predictions but instead wanted to focus on the physics and effectiveness of particular control strategies. However, the use of DNS evokes a significant constraint on the range of Reynolds numbers and types of flows that can be explored. For this reason, most turbulence control simulations have been for simple flows (planar channels) at very modest Reynolds numbers -Re τ ∈ [80, 180] where Re τ is defined in §2.
To address this limitation, we are exploring the use of Large Eddy Simulation (LES) with the dynamic subgrid-scale model for simulated controlled turbulent flows Chang, 1998, 1999; Chang and Collis, 1999) . Even when using "well resolved" LES, one obtains approximately an order of magnitude savings in computational expense compared to DNS and this advantage can be exploited to increase Reynolds number and explore more complex flows. However, an essential ingredient when using any turbulence model for a controlled turbulent flow is that the model must be able to adapt to changes in the dynamics of the turbulence caused by the application of control. To meet this need, we utilize the dynamic subgrid-scale This research has been supported in part by the Texas Advanced Technology Program under Grant No. 003604-017 model (Germano et al., 1991) for use in LES of controlled turbulence. Through the dynamic procedure, the Smagorinsky coefficient automatically adjusts in response to the state of the controlled flow. Our initial investigations were the first to demonstrate the viability of the dynamic LES procedure for accurate and efficient prediction of controlled turbulent flows through careful comparisons to DNS (Chang, 2000; .
The current paper exploits the added efficiency engendered by LES to explore turbulence control at higher Reynolds numbers than have previously been examined with DNS. The objective of this study is to determine whether control strategies developed and tested using low Reynolds number DNS can be extended to higher Reynolds number flows. To make the discussion concrete, we focus on one popular control strategy, opposition control, that has been extensively (and almost exclusively) studied using low Reynolds number DNS (Choi et al., 1994; Hammond et al., 1998) . As such, the results presented here are not general in that they do not necessarily extend to other control strategies [see the review articles by (Gad-el-hak, 1998; Moin and Bewley, 1994; Lumley and Blossey, 1998) for discussions of other control strategies.] However, opposition control has been used both as a foundation upon which other (potentially more practical) control strategies are developed and as a reference against which other strategies are compared. By extending opposition control to higher Reynolds number flows, the current study indirectly applies to a wider range of control strategies.
The paper begins in §2 with a brief discussion of LES using the dynamic subgrid scale model along with comparisons of uncontrolled LES simulations to available DNS results. In §3, LES is used to assess the efficacy and efficiency of opposition control as Reynolds number is increased from the low values used in previous DNS studies. The paper concludes in §5 with a discussion of our findings.
Large Eddy Simulation
Consider incompressible, fully-developed turbulent flow in a planar channel with spatial coordinates x 1 in the streamwise direction, x 2 in the wall-normal direction, and x 3 in the spanwise direction. The reference length scale is the channel half-height δ and the reference velocity is the friction-velocity u τ ≡ √ τ w /ρ in the initial condition, where ν is the kinematic viscosity, τ w is the shear stress at the wall, and ρ is the fluid density. Thus, the reference Reynolds number is Re τ ≡ u τ δ/ν. Periodic boundary conditions are used in the streamwise and spanwise directions and the computational domain is selected so that the turbulence is uncorrelated over the length and width of the domain. Large eddy simulation is performed by removing small scale turbulent structures through a low-pass filter leading to the filtered, nondimensional, incompressible Navier-Stokes equations
where a bar denotes the grid filter operator and f i = δ i1 P x is the body force required to enforce the mean pressure gradient for turbulent channel flow, which is set to hold a constant bulk velocity. The subgrid-scale (SGS) stress τ i j is modeled using the Smagorinsky model (Smagorinsky, 1963) 
where is the grid-filter width, S i j is the strain rate tensor defined as S i j = 1 2 u i, j + u j,i , and |S| = (2S i j S i j ) 1/2 . The dynamic procedure (Germano et al., 1991; Lilly, 1992) , which has been successfully used to study a variety of complex flows [see e.g., Germano et al. (1991); Piomelli (1993) ; Akselvoll and Moin (1995) ; Balaras et al. (1995) ; Ghosal et al. (1995) ; Piomelli and Liu (1995) ], is used to calculate the dimensionless model coefficient C, (Germano et al., 1991; Kim et al., 1987) .
where L i j = u i u j − u i u j and M i j = −2 2 | S| S i j + 2 2 |S|S i j . The denotes the average over planes parallel to the walls and the hat denotes the test-filtering operator with filter width , which satisfies > . We use = 2 .
The LES equations for turbulent channel flow are solved using a hybrid Fourier-spectral and finite difference method Moin and Bewley, 1995; Chang, 2000) that is designed to run efficiently on workstation class computers and shared memory parallel computers. A Fourier-spectral method is used to compute spatial derivatives in the homogeneous directions and a conservative secondorder finite difference scheme is used in the wall-normal direction on a staggered computational grid. The flow is advanced in time using Crank-Nicholson for wall-normal derivative terms and explicit third-order Runge-Kutta time advancement for terms involving derivatives in homogeneous directions. A fractional step algorithm is used to enforce the divergence free condition.
The size of the computational domain is denoted by
where L x i is the length of the domain in the x i direction. Since the channel half-height is used as the reference length scale, L x 2 = 2 while L x 1 and L x 3 are selected for each Re τ to ensure that the flow is uncorrelated over the domain. In the following discussion, results are frequently presented in wall units with t + = tu 2 τ /ν, y + = yu τ /ν and u + = u/u τ .
As validation of our LES method, we begin by presenting quantitative comparisons of LES and DNS statistics for Re τ = 180 as shown in Figures 1 and 2 . In Figure 1 , LES statistics at two grid resolutions are compared with results from a filtered DNS (Kim et al., 1987) . Our LES results match the DNS nearly perfectly with a resolution of (N x 1 × N x 2 × N x 3 ) = (48 × 65 × 48) and adequately with only (32 × 65 × 32) compared to a resolution of (128 × 129 × 128) used in the DNS calculations representing a factor of 14 and 32 reduction, respectively. In Figure 1 (a), our mean-flow profile in wall units is in excellent agreement, only slightly overpredicting the wall shear stress at the lower resolution of (32 × 65 × 32). Similarly, rms velocities from the LES are in good agreement with the filtered DNS, as shown in Figure 1 Exploiting the capability of LES to efficiently predict higher Reynolds number flows, we also compare LES statistics for Re τ = 590 with the DNS simulation of Moser et al. (1999) which is the highest Reynolds number DNS currently reported in the literature. The computational domain is (2π, 2, π), the same as the DNS, and the resolution is (72 × 129 × 72), 57 times smaller than the DNS resolution of (384 × 257 × 384). Figure 3 compares the mean velocity and rms velocities from the LES in wall coordinates with the unfiltered DNS (Moser et al., 1999) which are seen to be in good agreement. The LES rms velocities are below the unfiltered DNS, as expected. The LES mean velocity in the logarithmic region is lower than the DNS, indicating that the shear-stress at the wall is slightly overpredicted. However, the overprediction of wall shear stress is likely due to the relatively low resolution of the current LES. Figure 1 shows that a similar discrepancy occurs at Re τ = 180 at the lower resolution of (32 × 65 × 32) and that LES agrees much better with DNS at slightly higher resolution. Nevertheless, the LES results presented here are in the error range typical of LES and therefore judged to be acceptable. Comparing the results at Re τ = 590 with the results at Re τ = 180, we see that as expected, for Re τ = 590, the log-layer extends over a wider range of y + , whereas for Re τ = 180, the log layer is very short. The peaks of the streamwise velocity intensity u rms for both Re τ = 180 and Re τ = 590 are at y + ≈ 14, in agreement with previous results (Kreplin and Eckelmann, 1979; Sreenivasan, 1988; Sirovich et al., 1991) .
In summary, our no-control LES results are in excellent quantitative agreement with available DNS data at both Re τ = 180 and Re τ = 590, and the LES results are obtained at a fraction of the computational expense of DNS. We now apply the same simulation technique to ascertain the role of viscous effects in near-wall turbulence control at low Reynolds numbers.
Background on Opposition Control
Opposition control (also called "out-of-phase" control) is a conceptually simple feedback control strategy that introduces control in the form of distributed suction and blowing at the wall surface in an attempt to oppose the motion of near-wall turbulent structures. The physical argument used to motivate this strategy is demonstrated in figure 4 . Near-wall turbulent structures generally take the form of streamwise oriented counter rotating vortices [see e.g., Clark and Markland (1971) ; Jimenez and Moin (1991) ; Jeong et al. (1997) ]. By sensing the vertical component of velocity at a sensing plane located a distance y + s from the wall and using suction/blowing in opposition to the measured velocity, one hopes to attenuate the motion of Structures are visualized using an iso-surface of negative λ 2 , the second largest eigenvalue of the velocity gradient tensor (Jeong et al., 1997) .
the turbulent structure thereby reducing the transport of high momentum fluid toward the wall and reducing drag. Doing so may also hamper the cycle of near-wall turbulence generation (Jiménez and Pinelli, 1999) and we return to this idea below. Evidence to support the heuristic description of opposition control is supplied by the flow visualization shown in Figure 5 . This figure highlights near-wall turbulent structures for both an uncontrolled and opposition controlled flow at Re τ = 180 using an iso-surface of the second largest eigenvalue of the velocity gradient tensor which has been shown to be an effective indicator of coherent vortical structures in turbulent shear flows (Jeong et al., 1997) . Clearly the number of structures is reduced in the controlled flow and a similar effect is seen in flow visualizations from DNS (Hammond et al., 1998) , albeit with greater fine-scale structure visible.
While the inception of the opposition control is somewhat uncertain (Gad-el-hak, 1998), the first simulations demonstrating this method are those of Choi et al. (1994) who used DNS at Re τ = 180 reporting about 20% drag reduction when the sensing plane is located at y + s = 10. The more recent DNS by Hammond et al. (1998) shows that, again for Re τ = 180, the optimal sensing plane location is y + s = 15 which gives about 25% drag reduction. Both studies reveal that drag increases when the control is set to counter motions too far from the wall, say at y + s > 25 (Choi et al., 1994; Hammond et al., 1998) . These DNS studies serve to demonstrate the effectiveness of opposition control as well as identify likely mechanisms for drag reduction when using opposition control (Choi et al., 1994; Hammond et al., 1998) . In doing so, they spurred on a number of other investigations that built on the idea of opposition control in a variety of ways.
Opposition control as originally conceived requires measurement of flow velocities above the wall. While this can be readily accomplished in computer simulations, it is not of practical use for engineering flows. This practical limitation is addressed in a number of studies that relate wall measurements to the off-wall velocity measurements used in opposition control. For example, Lee et al. (1995 Lee et al. ( , 1997 developed neural network controllers that effectively correlate spanwise wall shear stress with the off-wall normal velocity used in opposition control. With this approach, Lee et al. (1997) were able to duplicate the performance of opposition control yielding similar control distributions and drag reduction given only on wall information. These results were based on DNS at Re τ = 100 and 180 and the authors point out that further simulations are required to determine whether these control schemes extend to higher Reynolds numbers. Along these lines, Lee et al. (1997) suggest that if "the main cause of high-skin friction in turbulent boundary layers at higher Reynolds numbers is also due to near-wall streamwise vortices, the same scheme should work equally well."
In another attempt to restrict sensing to the wall, Koumoutsakos (1997) devised a method based on the relation between wall pressure gradient and wall vorticity flux which is used to determine wall normal velocity control. In so doing, Koumoutsakos makes comparisons to opposition control (or v-control) of Choi et al. (1994) for a simple vortex rebound problem which reveal that the methods are strongly related. Based on these similarities, Koumoutsakos (1997) claims that the successes of opposition control for turbulence control can also be obtained (or exceeded) with his approach, and this is verified in (Koumoutsakos, 1999) which reports 40% drag reduction for turbulent channel flow at Re τ = 180, incidentally, a value similar to that obtained using optimal control (Chang, 2000) at this Reynolds number.
In an effort to make feedback control more practical, Lee et al. (2001) apply a reduced-order controller based on the linearized Navier-Stokes equations for Poiseulle flow to turbulent channel flow at Re τ = 100. Significant reductions in model order are achieved using LQG/LTR synthesis and drag reductions in the range of 10-17% are obtained. The resulting controlled flows are compared to both opposition controlled flows (Choi et al., 1994) and neural network controlled flows (Lee et al., 1997) and they are found to exhibit a number of similarities including an upward shift in the log-law, a general reduction in turbulence intensities, and attenuation of near-wall streamwise vortices. Again, the authors caution that their study is at low Reynolds numbers, although they expect that their controller will work equally well for high Reynolds numbers.
Building on the idea of opposition control, (Kang and Choi, 2000) investigated the effect of using active wall motion instead of wall normal transpiration as the control actuator within an opposition control strategy and they obtain 17% drag reduction at Re τ = 140 with y + s = 10. A similar approach is reported in (Kellogg, 2000) who used an immersed boundary method to simulate the moving wall as opposed to the more computationally expensive mesh-moving method of (Kang and Choi, 2000) . At Re τ = 100 with y + s = 16, Kellogg (2000) reports a 14% drag reduction and Kellogg (2000) shows that drag reduction is strongly influenced by the allowable degree of wall-deformation which may explain the reduced effectiveness of wall motion compared to traditional wall-transpiration.
In an effort to elucidate drag reduction mechanisms, Prabhu et al. (2001) recently performed a detailed analysis of both opposition control and an optimal control strategy applied to turbulent channel flows at Re τ = 180 using proper orthogonal decomposition. While traditional second-order turbulence statistics show significant differences between the two controlled flows, POD analysis shows that both optimal control and opposition control have a qualitatively similar effect on the dominant POD roll-mode (which is related to near-wall streamwise vortices) but that optimal control is more effective at attenuating this dominant mode.
Opposition control has also played an important role in helping to explain the physics of near-wall turbulence. For example, Farrell and Ioannou (1993) ; Butler and Farrell (1993); Farrell and Ioannou (1994) have postulated that the dynamics of near-wall turbulence is, to some degree, controlled by linear processes through the non-normality of the linearized convective term. The so-called coupling term in the linearized convective term takes the form of
where k 3 is a disturbance spanwise wavenumber, ∂Ū 1 /∂ x 2 is the wall-normal gradient in the streamwise mean velocity, and i = √ −1. As evidence to support this theory, Farrell and Ioannou (1996) applied opposition control to the linear, non-normal evolution of optimal roll and oblique disturbances in channel flow and these results were compared to the nonlinear turbulent opposition control simulations of Choi et al. (1994) . While the correspondence between the linear and nonlinear flows is not complete, Farrell and Ioannou (1996) do show that opposition control is effective at suppressing roll modes which are the optimal disturbances for the linearized equations of motion and are qualitatively similar to near-wall streamwise vortices Farrell and Ioannou (1993) .
A related result was found by Jiménez and Pinelli (1999) who advocate the theory that near-wall turbulence (20 < y + < 60) undergoes an autonomous cycle that does not rely on the presence of an outer flow. In this cycle, streamwise vortices extract energy from the mean shear flow and create streaks of alternating streamwise velocity and these streaks undergo an instability (Kim et al., 1971; Hamilton et al., 1995; Schoppa and Hussain, 1997; Jiménez and Pinelli, 1999 ) that strengthens the streamwise vortices thereby completing the cycle. By selectively damping terms in the equations of motion that are related to the generation of streaks by the vortices, i.e. by damping (vω z ) where ω z is the spanwise vorticity component and ( ) is the streamwise average, Jiménez and Pinelli (1999) show that the near-wall cycle can be broken leading to a laminarization of low Reynolds number turbulent channel flows (Re τ ≈ 200). Jiménez and Pinelli (1999) hypothesize that a likely mechanism for drag reduction due to opposition control is the suppression of streamwise vortices which tends to weaken the generation of streaks and thereby hamper the near-wall cycle. More recently, the role of linear processes in nonlinear turbulent flows has been further explored by Kim and Lim (2000) who show that when the linear coupling term (4) between wall-normal velocity and wall-normal vorticity is artificially removed in Re τ = 100 DNS, turbulence decays (this is closely related to the term damped by Jiménez and Pinelli (1999) ). The conclusion reached by Kim and Lim (2000) is that the linear coupling term is required to form near-wall streaks but that nonlinear effects are necessary to form streamwise vortices with the proper spanwise spacing and that both linear and nonlinear effects are required to sustain near-wall turbulence. These results are relevant to the current discussion since opposition control can be interpreted as a method that suppresses spanwise variations in wall normal velocity, which tends to reduce L c by increasing k 3 in (4) (Kim and Lim, 2000) .
Clearly, opposition control has played an important role in both turbulence control as well as in the development of theoretical models of near-wall turbulence dynamics. However, all the studies described above as well as most other turbulence control investigations (see e.g. Choi et al. (1994) ; Kim et al. (1995) ; Lee et al. (1998) ; Bewley et al. (2000) ) are conducted using DNS at low Reynolds numbers Re τ < 200. Because of this, authors have been forced to speculate as to the effectiveness of their control strategies and the viability of their theories for the higher Reynolds numbers common in engineering applications. Of course, the primary reason that these studies have been performed at low Reynolds numbers is that DNS becomes progressively more expensive at higher Reynolds numbers thereby limiting the parameter space and range of control strategies that can be explored. In our initial work in this area Chang, 1998, 1999; Chang and Collis, 1999; we demonstrated the effectiveness of LES with the dynamic subgrid-scale model for quantitative predictions of controlled turbulent flows at low Re τ . Here, we exploit the efficiency of LES to study opposition control at significantly higher Reynolds numbers than have been previously studied using DNS. Given the importance of the basic notion of opposition control to the turbulence control community, it is important to determine whether the effectiveness of opposition control changes as Reynolds number is increased. Since opposition control only uses information very near the wall (within y + of 20) it is likely that the performance of opposition control at low Reynolds numbers will vary since it is well known that turbulence statistics in the near-wall region are not independent of Reynolds number when using inner (wall) scalings at low Reynolds numbers (Wei and Willmarth, 1989; Antonia et al., 1992; Moser et al., 1999; Fischer et al., 2001 ).
Low Reynolds Number Effects
To explore low Reynolds number effects on opposition control, we performed LES for 100 < Re τ < 720 using the domain sizes and resolutions shown in Table 1 Typical drag histories for opposition control at three Reynolds numbers are compared in Figure 6 , where the sensing plane location, y + s , is set at the grid point that gives maximum drag reduction. Figure 6 demonstrates that the maximum drag reduction possible with opposition control decreases as Reynolds number is increased. The drag histories in Figure 6 , also show that as Re τ is increased, the transient phase of the control history occurs more quickly than at low Reynolds numbers, even when presented in viscous units. This suggests that for higher Reynolds number flows, actuators may require disproportionately faster response times than at lower Reynolds numbers.
The mechanism for drag reduction in opposition control has been linked to the formation of a so-called virtual wall in the flow were v 2 ≈ 0 (Hammond et al., 1998; Prabhu et al., 2001 ). This virtual wall forms between the physical wall and the sensing plane y + s and acts to limit the average transport of high momentum fluid to the wall. Figure 7 , shows profiles of v 2 in wall coordinates, for Re τ = 180 and 590. For both Reynolds number, the formation of a virtual wall is clearly seen. Note that the locations of the virtual walls in viscous units are almost identical for both Reynolds numbers because the sensing planes are located near y + s ≈ 14 for both simulations. As expected, far away from the wall, v 2 for Re τ = 590 is larger than for Re τ = 180, indicating that wall-normal momentum transport is generally larger at the higher Reynolds number. Since the control input at the wall is directly linked to the normal velocity at the sensing plane, larger amplitude control velocities are required at higher Re τ as seen by the relative values of v 2 at the wall in Figure 7 . At the virtual wall location, v 2 is small for both Reynolds numbers, but the value for Re τ = 590 is slightly larger than the value for Re τ = 180, which may partially explain why a smaller drag reduction is achieved for Re τ = 590 and similar results are observed across the range of Reynolds numbers considered. As first reported by , the general trend with increased Reynolds number is that drag reduction is attenuated and average control input increases indicating that the efficiency of opposition control decreases with increased Reynolds number.
Recall that the maximum drag reduction using opposition control depends on the location of the sensing wall. Through a systematic study at Re τ = 180, Hammond et al. (1998) determined that the optimal drag reduction is approximately 25% at y + s = 15. However, when applying opposition control at different Reynolds numbers, we find that the optimal sensing plane location depends on Reynolds number. To quantify this, we performed a series of simulations that bracket the optimal sensing plane location at each Re τ considered. Figure 8 , shows the effect of sensing plane location on the wall shear-stress at each Re τ . Note that the data have been interpolated using a free-runout cubic spline and that the optimal sensing plane location is determined by finding the minimum of the spline interpolant. The optimal sensing plane location moves closer to the wall as Re τ increases, as shown graphically in Figure 9 and listed in Table 2 . At Re τ = 180, y + s = 15.0 yields the maximum drag reduction of 26% in excellent agreement with DNS (Hammond et al., 1998) . Likewise, at y + s ≈ 10 we obtain 20.5% drag reduction in excellent agreement with Choi et al. (1994) . From Figure 9 , the optimal y + s appears to approach ≈ 12.5 as Re τ increases, although higher Reynolds number results are required to conclusively predict the asymptotic value. However, the current results indicate that low-Reynolds number effects on opposition control are limited to Re τ < 400 which is in good agreement with (Moser et al., 1999) who conclude that Re τ ≥ 590 is sufficient to be free of the "most obvious" low-Reynolds number effects. It has been previously observed that the optimal sensing plane location is closely associated with the maximum in streamwise rms velocity and likewise the peak in turbulence production Hammond et al. (1998) . Recently, Fischer et al. (2001) have compiled an extensive set of computational and experimental data to explore low-Reynolds number effects in uncontrolled channel flows. Their Fig. 1 , shows the turbulence kinetic energy budget for DNS from Re τ = 100 to 400. The peak in turbulence production is clearly seen to move to lower y + as Reynolds number is increased and at Re m = 13, 800, the peak in turbulence production is about 12, in good agreement with our asymptotic optimal sensing plane location of 12.5. Figure 10 shows the percentage drag reduction at the optimal sensing plane location for each Re τ considered as well as the drag reduction obtained if the flow is laminarized. At very low Reynolds numbers, Re τ = 80, opposition control laminarizes the flow leading to a sudden jump to approximately 50% drag reduction given by the laminar curve in Fig. 10 . For higher Reynolds numbers the opposition controlled flow remains turbulent and the percentage drag reduction reduces from 26% to 19% as Reynolds number increases from Re τ = 100 to 720. Thus, opposition control, which acts at the wall based only on knowledge of the flow in the near-wall region, loses effectiveness as Re τ increases.
It is tempting to explain this loss of effectiveness due to the fact that the near-wall region becomes an increasingly smaller fraction of the total boundary layer as Reynolds number is increased such that the dynamics of turbulent structures outside the viscous sublayer may become more important. However, this explanation is at odds with the success of inner layer scaling at high Reynolds numbers which indicate that the near-wall region is insensitive to the outerflow. As indicated above, turbulence quantities in inner-scalings do not collapse at low Reynolds numbers (Fischer et al., 2001 ) so that the autonomy of the inner layer and the so-called streak-cycle (Jiménez and Pinelli, 1999) may not be complete at low-Reynolds numbers. An explanation consistent with these observations is that opposition control is more effective at lower Reynolds numbers because the near-wall is not completely autonomous from the outerflow so that a control strategy based solely on near wall information can have a more global influence on the flow. This is particularly evident at Re τ ≤ 80 for which opposition control can completely laminarize the flow. At higher Reynolds number, the effect of opposition control is to basically cause an outward shift in the effective wall location (the virtual wall) leading to a new inner region that undergoes a similar turbulence production cycle as in an uncontrolled flow.
For a control strategy to be practicable, the power input required to actuate the control must be significantly lower than the power saved due to drag reduction. From their DNS at Re τ = 180, Choi et al. (1994) reported the ratio of power saved to power input as a measure of the efficiency of opposition control. The power saved due to drag reduction is given by
where
is the streamwise pressure gradient for the no-control flow, P
is the streamwise pressure gradient for the opposition controlled flow, is the volume of the channel, and T is the temporal averaging interval which is taken large enough to ensure statistically converged values. In all cases, the time at which averaging is initiated, t 0 , is after any initial transient due to the start of the control so that we only report on the time asymptotic performance of the control strategy. Typically, t + 0 ≈ 500 when the control is initiated at t + = 0. We note in passing, that the drag histories shown in Figure 6 suggest that the transient drag reduction may be greater than the time-averaged reduction, especially at lower Reynolds numbers. Recently, similar transients were observed in the control of two-dimensional unsteady laminar channel flows ) although efforts to devise a control strategy that exploits these transient events to improve time-averaged drag have been unsuccessful Bewley and Aamo (2001) .
The power input by the control is given by
where w are the channel walls, φ = −n 2 u 2 is the control on the walls w , p is the pressure, and n i is the outward unit-normal on the walls. The control, φ is defined such that φ > 0 corresponds to injection of fluid into the domain. The terms in parentheses in (6) correspond to the flux of kinetic energy and the work per unit time performed against pressure, respectively. As noted by Bewley et al. (2000) , it is possible that instantaneously one or both of these contributions to the power input can be negative such that the flow does work on the control. Since it is unlikely that a physical system could be designed to recover this work, Bewley et al. (2000) suggest the following alternative measure of control power input
This measure effectively assumes that the controller must supply all power -both that supplied by the control to the flow and that performed by the flow on the control. Figure 11 shows the effect of sensing plane location on the ratios of the power saved (5) to the control power input defined in (6) and (7). This data is also itemized in Table 2 . In bothmeasures of the control power input, the ratio of power saved to power input decreases both as Re τ increases and as y + s increases. However, there is an indication in the ratio P D /P φ that there is a maximum in power savings ratio at each Re τ for some value y + s . In general, the value of y + s for maximum power savings ratio is slightly lower than the value for maximum drag reduction. Thus the maximum efficiency occurs for sensing plane locations that are slightly non optimal for drag reduction. Figure 12 shows the influence of Re τ on the power savings ratios taken at the y + s corresponding to maximum drag reduction. There is a dramatic reduction in efficiency as Re τ is increased at low values of Re τ . However, as Re τ is further increased, both measures of efficiency level off, suggesting that the efficiency of opposition control is nearly independent of Re τ for Re τ > 400. From Table 2 , we see that from Re τ = 100 to 720 there is roughly a four times reduction in both efficiency measures. However, the asymptotic value of P D /P |φ| ≈ 10 indicating that the power saved through drag reduction is 10 times greater than the conservative estimate of control input power. While certainly not as dramatic as the performance seen at low Re τ , the higher Re τ efficiency of the opposition control strategy still provides leeway for additional loss mechanisms that will inevitably be present in a physical turbulence control system. If instead of adopting the conservative power savings ratio, we assume that some fraction of the work done by the flow on the control can be reused, then we would obtain a power savings ratio somewhere between the two measures reported. For example, if only half of the work done by the flow on the control is lost, we obtain the dashed line on Figure 12 which yeilds a more optimistic asymptotic power savings ratio of 40.
Conclusions
Given the recent successes in turbulence control based on Direct Numerical Simulation (DNS) and recognizing that the drag due to turbulence in a boundary layer is largely caused by the relatively large-scale coherent structures in the near-wall region, we have explored the use of well-resolved Large Eddy Simulation (LES)
as an approximate flow model for implementing and evaluating flow control strategies. After validating our LES results with available DNS results for uncontrolled and opposition controlled channel flow, we have explored the effect of Reynolds number on opposition controlled channel flow in the Reynolds number range 80 ≤ Re τ ≤ 720.
At very low Reynolds number Re τ ≤ 80 opposition control laminarizes the flow. For Re τ > 80 the controlled flow remains turbulent and the drag reduction reduces from 26% to 19% with increased Reynolds number over the range 100-720. The optimal sensing plane for opposition control is found to vary with Reynolds number although for Re τ > 400 the optimal sensing plane location approaches y + s = 12.5 which is close to the peak in turbulence production. Not only is the effectivness of opposition control reduced as Reynolds number increases, but so too is the efficiency as measured by the ratio of power saved to control power required. As Re τ increases from 100 to 720 there is a fourfold decrease in power savings ratio and a conservative estimate of the power savings ratio is seen to approach an asympotic value of 10. While certainly not as dramatic as the performance seen at low Re τ , even with a conservative estimate of control power input, the high Re τ efficiency of the opposition control strategy still provides leeway for additional loss mechanisms that will inevitably be present in a physical turbulence control systems.
